From Prebiotic Sustainability to Proto-Liveliness:
A Biocomputational Framework with Structural, Energetic
and Informational Metrics for Protocell Cluster Evolution
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Three-Dimensions Sustainability Framework (S-E-I)

Structural sustainability (S) Energetic sustainability (E) Informational sustainability ()

e membrane integrit . . .

e cluster connectigvit Y e persistence of ion/proton gradients e recurrence of macrostates

e stable distances &zontact raohs e T _gradient > t_diff as criterion e attractor return dynamics

Metrics: lifetime. breaku rafe ?k) e ApH pockets as usable energy e e-machine stability of transitions
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Mapping of Prebiotic Sustainability Levels to
Reliability Engineering Concepts

!")W - Reliability Engineering |[Representative
Sustainability :
Analogon Measurement / Metric
Level
Low hazard rate / high  ||Cluster break-up rate; mean
Stability Mean Time To Failure ||lifetime of dimer or cluster

(MTTF) structures

State retention time / Ratio tgradient / tdiff;

Persistence . oy s duration of stable 1on or
operational availability .
proton gradients

Reassembly time after

Reoenerabili Mean Time To Recovery ||perturbation; return
ﬂmgmﬂmfmmm - - . . .

(MTTR) / recoverability ||probability to functional
attractor state

h d HOCHSCHULE DARMSTADT 3 © Prof. Dr. Michael Massoth
-_— UNIVERSITY OF APPLIED SCIENCES Department of Computer Science



Structural Distance D(t,At) from Order-Parameter
Vector O(t)
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Core Idea

Stable Dying Proto-living
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Consistent physical-functional framework

Level Formal Expression Interpretation

Ensemble distributions, moments,

Statistical | p(x); (x7); S(©) spectra, and fluctuation statistics

Material transition laws governing

Syntactic |[x(t + At) = F(x(t)) thSiCEll dynamics

P(x(t+ At) € A | Persistence-relevant attractor A
***************************************** disturbance ) — 1 defines functional meaning

x(t + At) = F(x(t), y(t)) ||Organizational feedback via y(t)
“““““““““““““““““““““““““““““““““““ y(t + At) = G(y(t), x(t)) ||modulating future dynamics

Transition from statistical description to pragmatic, function-modulating dynamics through recurrent
stabilization and organizational feedback. Semantic meaning arises from persistence-oriented attractors, while
pragmatic function emerges when organizational variables causally modulate future system dynamics.
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Coupled structural, energetic, and informational
feedback loops

Structural loop (S) | iy, Energetic loop (E)

Input

Informational loop (1)

Proto-
liveliness

Feedback
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Looking for Local Activity Zones / Principle

Protocell membrane
(lipid vesicle)

Reaction-diffusion

Minimal cluster topology: : / chemical dynamics Emergent dynamics in

tetrahedral protocell assembly Proton gradient
across membrane

tetrahedral protocell clusters

» Proton-driven local activity
* Membrane curvature interactions
¢ Reaction-diffusion chemistry

¢ Chemical symmetry breaking

e 4 protocells * Coupled osciliatory proto-metabolism

e 6 contact interfaces

e Maximal symmetry Membrane curvature-

for minimal cluster induced adhesion Membrane curvature-

induced adhesion

In prebiotic environments, small clusters of protocells may spontaneously form through
membrane adhesion or curvature-driven interactions.

A tetrahedral micro-cluster provides the minimal topology in which proton gradients, membrane
fluctuations and reaction-diffusion chemistry can couple, producing proto-metabolic oscillations
and symmetry-broken chemical microenvironments.
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Prebiotic sustainability space and life—death threshold

A Move from passive stability to
Proto-living measurable proto-liveliness:
S O@d " Proto-liveliness requires coupled
S——— S—E—I sustainability
- roto-living
L’fe\Deat - cluster " Goal: define quantitative Life—
"€sholy 1 Death threshold

Stable / Dying
Systems

Stable / Dying Systems
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Energetic Sustainability E (k > 1)

s Tgradient

H+
B T
Taradi
K = gradient >1
Tdiff

Gradients must outlive diffusion (k)
= Gradient energy: ApuH* ~ kBT-ApH
= Efficiency n: power allocated to stabilization

= High E - persistent non-equilibrium organization
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Life—-Death Threshold Logic (Three Gates)

X 4

Dimer Tetrahedron

h d HOCHSCHULE DARMSTADT 13 © Prof. Dr. Michael Massoth
—_— UNIVERSITY OF APPLIED SCIENCES Department of Computer Science



h da

Take-home Message

From Prebiotic Sustainability to Proto-Liveliness:
A Biocomputational Framework with Structural, Energetic and Informational Metrics for Protocell Cluster Evolution
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Thank you very much for your attention.
Are there any questions?
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